Following over 3 decades of gradual but uneven increases in sea ice coverage, the yearly average Antarctic sea ice extents reached a record high of 12.8 × 10 6 km 2 in 2014, followed by a decline so precipitous that they reached their lowest value in the 40-y 1979-2018 satellite multichannel passive-microwave record, 10.7 × 10 6 km 2 , in 2017. In contrast, it took the Arctic sea ice cover a full 3 decades to register a loss that great in yearly average ice extents. Still, when considering the 40-y record as a whole, the Antarctic sea ice continues to have a positive overall trend in yearly average ice extents, although at 11,300 ± 5,300 km , this trend is only 50% of the trend for 1979-2014, before the precipitous decline. Four of the 5 sectors into which the Antarctic sea ice cover is divided all also have 40-y positive trends that are well reduced from their 2014-2017 values. The one anomalous sector in this regard, the Bellingshausen/Amundsen Seas, has a 40-y negative trend, with the yearly average ice extents decreasing overall in the first 3 decades, reaching a minimum in 2007, and exhibiting an overall upward trend since 2007 (i.e., reflecting a reversal in the opposite direction from the other 4 sectors and the Antarctic sea ice cover as a whole).
sea ice | climate change | satellite Earth observations | climate trends | Antarctic sea ice S ince the late 1990s, it has been clear that the Arctic sea ice cover has been decreasing in extent over the course of the multichannel passive-microwave satellite record begun in late 1978 (1) (2) (3) . The decreases have accelerated since the 1990s and have been part of a consistent suite of changes in the Arctic, including rising atmospheric temperatures, melting land ice, thawing permafrost, longer growing seasons, increased coastal erosion, and warming oceans (4, 5) . Overall, it has been a consistent picture solidly in line with the expectations of the warming climate predicted from increases in greenhouse gases. In particular, modeled sea ice predictions showed marked Arctic sea ice decreases, and the actual decreases even exceeded what the models predicted (6) .
The Antarctic situation has been quite different, with sea ice extent increasing overall for much of the period since 1978 (7) (8) (9) (10) (11) . These increases have been far more puzzling than the Arctic sea ice decreases and have led to a variety of suggested explanations, from ties to the ozone hole (12, 13 ; rejected in refs. 14, 15) ; to ties to the El Niño-Southern Oscillation (ENSO) (16) , the Interdecadal Pacific Oscillation (17) , and/or the Amundsen Sea Low (10, 13, 17) ; to ties to basal meltwater from the ice shelves (18; rejected in ref. 19 ). None of these has yet yielded a consensus view of why the long-term Antarctic sea ice increases occurred.
In the meantime, while the unexpected, decades-long overall increases in Antarctic sea ice extent are still being puzzled out, the sea ice extent has taken a dramatic turn from relatively gradual increases to rapid decreases. On a yearly average basis, the peak sea ice extent since 1978 came in 2014. Since then, the decreases have been so great that the yearly averages for 2017 and 2018 are the lowest in the entire 1979-2018 record, essentially wiping out the 35 y of overall ice extent increases in just a few years. This dramatic reversal in the changes occurring in the Antarctic sea ice will provide valuable further information to test earlier suggested explanations of the long-term Antarctic sea ice increases. We now have a 40-y multichannel passive-microwave satellite record of the Antarctic sea ice cover, all of which resides in the Southern Ocean. The purpose of this paper is to present that record both for the Southern Ocean as a whole (labeled "Southern Hemisphere" in the figures, to emphasize the inclusion of the entire hemispheric sea ice cover) and for the breakdown of the Southern Ocean into the 5 sectors identified in Fig. 1 .
Data and Methods
The data used throughout this paper come from a satellite-based multichannel passive-microwave data record begun in late 1978 following the October 24, 1978 launch of the scanning multichannel microwave radiometer (SMMR) on NASA's Nimbus 7 satellite. The SMMR data are used in this study for 1979 through mid-August 1987, followed by data from a sequence of the US Department of Defense's Defense Meteorological Satellite Program (DMSP) special sensor microwave imager (SSMI) instruments, the first of which was launched on the DMSP F8 satellite on June 18, 1987 , and the follow-on DMSP SSMI sounder (SSMIS) instruments, the first of which was launched on the DMSP F16 satellite on October 18, 2003 . Details on the intercalibration between the data from successive instruments, to obtain a consistent long-term record, can be found in reports by Cavalieri et al. (20, 21) .
Satellite passive-microwave data have major advantages over other data for studies of changes in the extent and distribution of the Antarctic sea ice cover in recent decades. First, satellites allow monitoring of the full Antarctic sea ice cover every 1 or 2 d. Second, the satellite passive-microwave record Significance A newly completed 40-y record of satellite observations is used to quantify changes in Antarctic sea ice coverage since the late 1970s. Sea ice spreads over vast areas and has major impacts on the rest of the climate system, reflecting solar radiation and restricting ocean/atmosphere exchanges. The satellite record reveals that a gradual, decades-long overall increase in Antarctic sea ice extents reversed in 2014, with subsequent rates of decrease in 2014-2017 far exceeding the more widely publicized decay rates experienced in the Arctic. The rapid decreases reduced the Antarctic sea ice extents to their lowest values in the 40-y record, both on a yearly average basis (record low in 2017) and on a monthly basis (record low in February 2017).
Author contributions: C.L.P. designed research, performed research, analyzed data, and wrote the paper. 1 extends back to the 1970s. Third, the microwave signal from sea ice is quite distinct from the microwave signal from liquid water. Fourth, the microwave radiation is emitted from within the Earth/atmosphere system, rather than being reflected sunlight; hence, the measurements can be made irrespective of day or night conditions. Fifth, at appropriate microwave wavelengths, the microwave radiation from the surface can travel through most cloud covers, allowing measurements under cloudy as well as cloud-free conditions. These advantages result in a 40-y record covering all seasons of the year and allowing determination of large-scale changes in the Southern Ocean sea ice cover that would not be feasible without the satellite passive-microwave data.
The microwave data were converted to sea ice concentrations (percent areal coverages of sea ice) in each pixel (∼25 km × 25 km) of the gridded satellite data through the NASA team algorithm described in detail by Gloersen et al. (22) . Sea ice extents were then calculated by summing, throughout the region of interest, the areas of each pixel with a calculated sea ice concentration of at least 15%. Ice extents are calculated for each day of available data; yearly and monthly averages are calculated by averaging the daily ice extents for the year or month, respectively. Summer averages are calculated by averaging the daily extents for January, February, and March; autumn averages are calculated by averaging the daily extents for April, May, and June; winter averages are calculated by averaging the daily extents for July, August, and September; and spring averages are calculated by averaging the daily extents for October, November, and December.
Because the sea ice cover has a prominent annual cycle, long-term trends in sea ice extents are more clearly depicted after removing the annual cycle. This is done here both through yearly averaging, which removes considerable additional information as well as the annual cycle (e.g., monthly interannual variability, amplitude of the annual cycle, seasonality of the trends), and through the more information-retaining monthly deviations, calculated by subtracting from the individual month's ice extent the average of the ice extents for that particular month throughout the 40-y record. For example, the monthly deviation for January 1979 is the ice extent for January 1979 minus the average of the ice extents for the 40 months of January 1979-2018.
Trend lines are calculated for the monthly, seasonal, yearly, and monthly deviation datasets through standard linear least squares, and the standard deviations (SDs) of the trends are calculated based on the technique described by Taylor (23) . The ratio (R) of the trend magnitude to its SD is given to provide a rough indication of the relative statistical significance of the trends, with higher R values suggesting greater significance. More specifically, if assuming a 2-tailed t test and 38 degrees of freedom for the 40-y sea ice record, R values above 2.024 would signify statistical significance at a 95% level or above and R values above 2.712 would signify statistical significance at a 99% level or above; the corresponding values for a 36-y record, also discussed below, are 2.032 and 2.728 for 95% and 99% significance, respectively. In view of the imperfect nature of tests of statistical significance when applied to the real world (24, 25) , these numbers are only provided as rough indicators.
The satellite passive-microwave datasets are available at the National Snow and Ice Data Center (NSIDC) in Boulder, CO, and on the NSIDC website, https://nsidc.org (26) .
Results
Figs. 2-7 present plots of the monthly averages, monthly deviations, and yearly averages for the Southern Ocean as a whole ( Fig. 2 ) and for each of the 5 sectors it is divided into in Fig. 1  (Figs. 3-7) . Table 1 provides details on the yearly average trends and includes values for the 1979-2014 record before the sharp decline in ice extents as well as values for the full 40-y record.
Full Southern Ocean. For the Southern Ocean as a whole, the quite prominent annual cycle has minimum monthly ice extent always (for the 40 y of the dataset, 1979-2018) occurring in February and always well under 5 × 10 6 km 2 and maximum ice extent occurring in September in all years except 1988, when it was in October, and always well over 17 × 10 6 km 2 ( Fig. 2A) . The monthly deviations and yearly averages depict clearly the overall upward trend in ice extents until 2014, when the yearly averages reached a record high of 12.8 × 10 6 km 2 , and marked decreases in the subsequent 3 y ( Table 1) .
The 5 sectors also all exhibit a strong annual cycle with monthly ice extent minima frequently in February and maxima frequently in September, although with much greater interannual variability than for the Southern Ocean as a whole. The following sections for the individual sectors highlight some of the regional and interannual variability in the Southern Ocean sea ice cover.
Weddell Sea. In the Weddell Sea, monthly minimum ice extent is always in February, as in the Southern Ocean as a whole, but monthly maximum ice extent varies more frequently from its typical September timing, being in August in 1992 , 1994 , 2004 and in October in 1997 , 2015 (Fig. 3A) . Interestingly, the highest Weddell Sea monthly average ice extent in the 40-y record, in September 1980, was followed the next summer by among the lowest February and March ice extents (Fig. 3A) , and, similarly, relatively high September values in 1987, 1992, and 2016 were all followed by below average February extents the next year. With other high September ice extents (e.g., in 2007) not being followed by particularly low February extents, this illustrates interannual variability and the difficulty of forecasting ice extents months in advance based simply on current ice extents. High ice extents with low ice concentrations could bring about particularly effective decay seasons, as could winds and ocean currents transporting to the region more warm air and water than normal. Similar to the Southern Ocean as a whole, the Weddell Sea experienced overall ice extent increases, on a yearly average basis, through 2014, although less convincingly (Table 1 , with an R value of 1.88 versus the Southern Ocean's R value of 5.25) and with the Fig. 1 . Identification of the 5 sectors used in the regional analyses. These are identical to the sectors used in previous studies (7, 8) .
increases continuing, slightly, to 2015 (Fig. 3C) . The Weddell Sea experienced marked ice extent decreases from 2015-2018, falling just short of reaching its record minimum yearly ice extent set in 1999 (Fig. 3C) .
Indian Ocean. The Indian Ocean is the one sector in which the average annual cycle of monthly ice extents peaks in October rather than September. Still, its average annual cycle shares with the other sectors a February minimum, making for the most asymmetric of these average cycles, with an 8-mo growth period and a 4-mo decay period (Fig. 4A, Inset) . The month of minimum monthly ice extent was February in all except 2 y (1986 and 2003), when it was March, while the month of maximum ice extent was October in 33 y and September in the remaining 7 y (Fig. 4A) . The Indian Ocean record high monthly ice extent was reached in October 2010 (Fig. 4A) , and the year of peak yearly average ice extent was 2010 (Fig. 4C) , 4 y earlier than the peak for the Southern Ocean as a whole. A decrease in yearly average ice extents from 2010 to 2011 was followed by a rebound in the next 3 y and then a 2-y decrease resulting in the Indian Ocean record minimum yearly ice extent in 2016, before rebounding somewhat in 2017 and 2018 (Fig. 4C) .
Western Pacific Ocean. Like the Southern Ocean as a whole, the Western Pacific Ocean has a February minimum and a September maximum in its average annual cycle of sea ice extents, although in the Western Pacific case, the October ice is nearly as extensive as the September ice and the August ice is not far behind (Fig. 5A, Inset) . The month of ice extent minimum in the Western Pacific was February in each year except 1980, 1985, 1986 , and 2017, when it was March, and the more variable month of maximum was August in 8 y, September in 15 y, and October in 17 y (Fig. 5A) . The largest deviations from normal came in September and October of 1989, when the ice cover was far less extensive than the average September and October ice covers (Fig. 5B) . Yearly ice extents in the Western Pacific increased overall until reaching their record high in 2013, followed by a prominent downward trend from 2013-2018 (Fig. 5C ). The second highest yearly ice extent came decades earlier, in 1982, which also contained the 2 highest monthly values of the 40-y record, the highest in September 1982 and the second highest in October 1982 (Fig. 5A) . Table 1 . Slopes and SDs of the lines of linear least squares fit for the yearly sea ice extents in the full Southern Ocean and each of the 5 sectors identified in Fig. 1, both The slopes and SDs are listed both as the areal loss each year and as the percentage of the ice cover lost each decade. The R column gives the ratio of the slope magnitude for the areal loss to its SD (calculated before rounding to the nearest 100 km 2 ·y −1 ), as a rough indicator of statistical significance, both for the 40-y record and, in parentheses, for the 36-y record. Using the 2-tailed t test mentioned in the text, statistical significance at the 95% level or above is indicated in the R column by italics and statistical significance at the 99% level or above is indicated by boldface. The trend reversals since 2014 have markedly lessened the statistical significance of the trends.
Ross Sea. The Ross Sea ice extent has a prominent, consistent monthly minimum in February but large variability in its month of maximum, which is July in 3 y, August in 8 y, September in 16 y, October in 12 y, and November in 1 y (Fig. 6A) . The record high monthly value came in September 2007, although the highest yearly value was much earlier, in 1999 ( Fig. 6 A and C) . The overall but nonuniform reduction of sea ice coverage since the 2007 high led to an almost total disappearance of the sea ice cover and record low in February 2017, with some rebounding the following year (Fig. 6A) . The month that deviated the most from the average annual cycle was December 1979, in a year when the ice cover had been below average since September (Fig. 6B) . Further interannual variability can be illustrated by the contrast between the September 2007 record high ice extent being followed the next summer by a February also with an unusually high ice extent, versus the high September 1996 ice extent being followed by a low February ice extent (Fig. 6A) . This phenomenon of high September ice extents being followed sometimes by high and sometimes by low February ice extents is mentioned also in the Weddell Sea section and could be illustrated with many more examples on the sector plots. What happens during the decay season varies greatly depending on the surrounding atmospheric and oceanic conditions.
Bellingshausen/Amundsen Seas. The Bellingshausen/Amundsen Seas is the sector most out of line with the rest of the Southern Ocean, although sharing with each of the sectors the existence of substantial interannual variability (Fig. 7) . In 11 y, its month of minimum ice coverage was March rather than February, whereas no other sector had more than 4 y with a minimum month other than February. The large variability in its month of maximum ice extent is more in line with the variability in the other sectors, being July in 2 y, August in 14 y, September in 20 y, and October in 4 y (Fig. 7A) . However, the major contrast between the Bellingshausen/Amundsen Seas sector and the rest of the Southern Ocean is that it had an overall downward trend in ice extents for most of the record, followed by an overall upward trend. This contrast corresponds well with the marked regional warming recorded on the Antarctic Peninsula, adjacent to the Bellingshausen Sea, for the early decades of the 40-y record (27), a warming not recorded elsewhere on the continent, and the subsequent cooling over the Antarctic Peninsula (28) . The yearly average ice extents in the Bellingshausen/Amundsen Seas reached their minimum in 2007 (Fig. 7C) , and although the upward trend since 2007 did not result in record high yearly ice extents (Fig. 7C) , the record high monthly ice extent in the Bellingshausen/Amundsen Seas sector did come late in the record, in September 2015, despite the early decades of overall decreasing sea ice coverage (Fig. 7A) . The record low ice extent came in March 2010, in line with the general decrease in ice coverage in the first 3 decades of the record and the general increase in ice coverage since then (Fig. 7) .
Trends by Month. For the Southern Ocean as a whole, the 40-y sea ice extent trends remain positive for each of the 12 mo (Fig. 8 and Table 2 ), and hence also for each of the 4 seasons. However, the trend for November is close to 0 and far from statistical significance, at 1,100 ± 6,700 km 2 ·y −1 , and every 40-y monthly trend is far below the trend for the 36-y 1979-2014 period before the recent sea ice declines (Table 2) . [All of the monthly trends for the full Southern Ocean were statistically significant at least at the 95% level, and most were also significant at the 99% level, for the 36-y record; for the 40-y record, only 4 remain statistically significant at the 95% level and none are statistically significant at the 99% level ( Table 2 ).] Through 2014, the Indian Ocean, Western Pacific, and Ross Sea all also had positive trends in each month (with ranges of 2,700-8,500 km 2 ·y −1 in the Indian Ocean, 200-5,700 km 2 ·y −1 in the Western Pacific, and 3,100-17,700 km 2 ·y −1 in the Ross Sea), but now, with the full 40-y record, only the Indian Ocean retains that commonality with the full Southern Ocean (Fig. 8) . The Western Pacific and Ross Sea now both have 10 mo with positive trends and 2 mo with negative or 0 trends (Fig. 8) . The Weddell Sea has negative trends in winter and spring but positive trends in summer and autumn. Once again, the Bellingshausen/Amundsen Seas sector is out of line with the rest of the Southern Ocean, as all 12 of its monthly trends were negative earlier (8) , but now with the 40-y record, its summer and autumn values remain negative, whereas its ice extent trends in winter are positive and in autumn are mixed (Fig. 8) . 
Discussion
The ice covers of each of the 5 sectors of Fig. 1 and of the Southern Ocean as a whole have experienced considerable interannual variability over the past 40 y (Figs. 2-7) . In fact, the Southern Ocean and 4 of the 5 sectors (all except the Ross Sea) have each experienced at least one period since 1999 when the yearly average ice extents decreased for 3 or more straight years only to rebound again afterward and eventually reach levels exceeding the extent preceding the 3 y of decreases (Figs. 2-7) . This illustrates that the ice decreases since 2014 (Fig. 2) are no assurance that the 1979-2014 overall positive trend in Southern Ocean ice extents has reversed to a long-term negative trend. Only time and an extended observational record will reveal whether the small increase in yearly average ice extents from 2017 to 2018 (Fig. 2C) is a blip in a long-term downward trend or the start of a rebound. Still, irrespective of what happens in the future, the 2014-2017 ice extent decreases were quite remarkable compared not only with the rest of the 40-y Antarctic record but with the Arctic record as well.
The decline in yearly average Antarctic sea ice extents from 2014 to 2017 (followed by a slight rebound) was at a linear least squares rate of −729,000 km 2 ·y −1 , well exceeding the rate of change for either hemisphere in any other 4-y period during the 40 y (1979-2018) of the satellite multichannel passive-microwave record (Fig. 9) . The widely publicized sea ice decreases in the Arctic, even with their worrisome acceleration in the early 21st century, have never experienced (in the 40-y 1979-2018 record) a 4-y period with a rate of decrease in yearly average ice extents exceeding in magnitude a value of −240,000 km 2 ·y −1 (Fig. 9B ), less than a third of the Antarctic rate of loss from 2014 to 2017. In fact, the 2,027,000-km 2 decrease in yearly average Antarctic ice extents in the 3 y from their 2014 maximum (12,776,000 km 2 ) to their 2017 minimum (10,749,000 km 2 ) (Fig. 2C ) exceeds the loss in Arctic yearly average ice extents in any period of 33 y or less in the 40-y satellite multichannel passive-microwave record. Based on the same SMMR/SSMI/SSMIS data source used for the Antarctic, the Arctic ice cover had its 40-y peak yearly average ice extent in 1982, at 12,400,000 km 2 , and its minimum in 2016, at 10,135,000 km 2 , for a reduction of 2,265,000 km 2 in 34 y. The one other several-year period during the time frame of modern instrumental records with an estimated loss of hemispheric sea ice coverage comparably as rapid as that in the Antarctic in 2014-2017 was also in the Antarctic, although before the start of the 40-y record of multichannel passive-microwave data, coming instead in the mid-1970s. Calculations based on a variety of datasets, including satellite data, yielded 12-mo running means in Antarctic sea ice extents that show rates of decrease of ∼600,000 km (29) . This yields an areal loss of Antarctic sea ice extents in 4 y exceeding the total loss suffered by the Arctic sea ice cover in the entire 40-y 1979-2018 satellite multichannel passive-microwave record and raises the question of whether the Antarctic sea ice might be more amenable than the Arctic sea ice to very rapid (nonannual-cycle) decreases. Certainly the geographies of the 2 polar regions are vastly different, with the Arctic sea ice cover largely confined by surrounding continents and the Antarctic sea ice wide open to water to the north, contributing to large differences also in oceanic and atmospheric circulations and offering food for thought on what might or might not be causing the differing rates of change.
Several studies have examined the extreme Antarctic sea ice retreat in late 2016 and have related it to surrounding atmospheric and oceanic conditions (30) (31) (32) (33) (34) . Among the likely influences discussed are the following: 1) a strong northerly atmospheric flow causing rapid ice retreat in the Weddell Sea (30); 2) an unusually negative southern annular mode in November 2016 causing rapid ice retreat in the Ross Sea and elsewhere (30-34); 3) the extreme El Niño that peaked months earlier, in December 2015 through February 2016, contributing to unusually warm ocean waters in the Bellingshausen, Amundsen, and eastern Ross Seas, anomalous warmth that persisted into the austral spring (31); 4) a persistent zonal wave 3 atmospheric circulation around Antarctica contributing to reduced sea ice extents in the Indian Ocean, Ross Sea, Bellingshausen Sea, and western Weddell Sea (32-34); and 5) a weakened polar stratospheric vortex weakening the surface-level circumpolar westerlies and contributing to reduced sea ice extents in the Indian and Pacific Oceans (32) . None of the studies suggests that a single cause resulted in the extreme Antarctic sea ice retreat in 2016, all instead recognizing multiple influences, both atmospheric and oceanic.
The case studies focusing on Antarctic sea ice retreat in late 2016 illustrate well the interconnected global climate system, as they tie the sea ice changes not just to circumstances in The slopes and SDs are listed both as the areal loss each year and as the percentage of the ice cover lost each decade. The R column gives the ratio of the slope magnitude for the areal loss to its SD, as a rough indicator of statistical significance, both for the 40-y record and for the 36-y record. Statistical significance at the 95% level or above is indicated in the R column by italics and statistical significance at the 99% level or above is indicated by boldface. the vicinity of the sea ice but also to events in the tropical and midlatitude oceans, the tropical and midlatitude atmosphere, and the upper atmosphere (30) (31) (32) (33) (34) . However, the sea ice retreats in late 2016 occurred in just a few months of the 2014-2017 period of extreme rates of Antarctic sea ice decreases. I hope that the 40-y record discussed in this paper will encourage further studies into the atmospheric and oceanic conditions that could have led to the extremely rapid 2014-2017 decline of the Antarctic sea ice cover, the comparably rapid decline in the mid-1970s, and the uneven but overall gradual increases in Antarctic sea ice coverage in the intervening decades. More broadly, the environmental datasets may be nearing the point where they are long enough and rich enough to enable the linking of several of the modes and dipoles and oscillations now spoken of separately, just as the El Niño and Southern Oscillation phenomena were linked together years ago as ENSO; once that further linkage happens, the understanding of Earth's very interconnected climate system, including the sea ice cover, could be markedly enhanced.
